activity. More than 90% of the cellular hemolytic activity was localized in the periplasm, only a trace was detected in the cytoplasm, and none was found in either plasma membranes or mesosomes. This cellular portion constituted approximately 4 to 10% of the total hemolytic activity of the culture. The erythrocyte lysis spectrum and Sephadex G-100 filtration studies indicated that the cellular hemolysin closely resembles the extracellular form.
Extracellular staphylococcal alpha-hemolysin has been purified and characterized by many investigators (3, 5, 9) . In contrast, information pertaining to the location and characteristics of cellular alpha-hemolysin is almost nonexistent. McNiven and Arbuthnott reported that less than 1% of the total hemolytic activity in Staphylococcus aureus strain Wood 46 is cell associated (11) , suggesting that alphahemolysin is secreted rapidly without lag after synthesis. Recently, Coulter reported that alpha-hemolysin, as detected by ferritin-labeled antisera, is associated with the inner surface of the membrane (5) . Using established protoplast fractionation techniques (14) , we found that the cellular localization of alpha-hemolysin was almost exclusively in the periplasmic fraction of several strains of S. aureus.
MATERIALS AND METHODS
Bacteria and culture conditions. The following staphylococcal strains were used throughout: S. aureus ATCC 6538P, S. aureus Wood 46 (ATCC 10832), and S. aureus, phage type 80/81. Bacteria were grown either in AOAC synthetic broth (Difco) or brain heart infusion (Difco) at 37 C on a rotary shaker at 250 rpm.
Protoplast formation and cell fractionation. Cells grown to late log phase (optical density at 600 nm [0D,00] = 2.0) were harvested by centrifugation, washed once in 0.05 M tris(hydroxymethyl)aminomethane (Tris) buffer, pH 7.5, containing 0.02 M MgSO4 (Tris-M), resuspended in Tris-M containing 3 .45 M NaCl (protoplast buffer), and exposed to S. aureus strain LS muralytic enzyme (14) for 1 h at 37 C (1 liter of cell culture, representing 600 mg [dry weight], was resuspended to 40 ml and treated with 10 ml of LS enzyme). This reaction mixture was then incubated for an additional 15 min in the presence of deoxyribonuclease (10 ug/ml).
Protoplasts, intact cells, and cell walls were removed by centrifugation at 10,000 x g for 1 h. The supernatant fluid from this pellet contained mesosomal vesicles (14) and substances released from the periplasm. To obtain protoplast membranes, the pelleted protoplasts were resuspended in Tris-M without NaCl to the original volume of the reaction mixture and allowed to lyse for 15 min at 37 C. Cell debris was removed by centrifugation at 2,000 x g for 10 min. This supernatant fluid contained the protoplast membranes and cytoplasm. Membranes were collected by centrifugation at 20,000 x g for 20 min and washed three times in Tris-M. The cytoplasmic fraction was the supernatant fluid obtained after the first centrifugation of the protoplast membrane.
Mesosomal vesicles were collected from the protoplast supernatant fluid by centrifugation at 100,000 x g for 2 h and washed once in Tris-M. The supernatant fluid after the first centrifugation represented the periplasm.
Hemolysin assay. The assay procedure was a modification of that used by Schwab (13) , except that rabbit erythrocytes (RBC) were used. Fresh RBC were washed and resuspended in normal saline to a concentration of approximately 3%. One-half milliliter of RBC suspension was added to 5.0-ml suspensions of the various cell fractions suspended in 0.03 M phosphate buffer, pH 6.5, and 0.85% NaCl. One unit of hemolysin (1 HU) produced 50% lysis of this 5.5-ml RBC suspension in 60 min at 37 C as determined by the amount of released hemoglobin measured with a no. 520 filter (50% hemolysis = 260 Klett-Summerson units). The hemolysin studied was only minimally active against horse RBC and was inactive against sheep RBC. The LS enzyme preparation assayed at dilutions used in these experiments contained approximately 2 HU/ml. No corrections were made for this trace amount of activity.
Chemical and enzymatic analyses. Glucose-6-phosphate dehydrogenase was determined by following the reduction of reduced nicotinamide adenine dinucleotide phosphate (7) . Protein concentrations were determined by the method of Lowry et al. (10) , using bovine serum albumin (three times crystallized) as standard. Deoxyribonucleic acid (DNA) content was measured by the Burton modification of the diphenylamine reaction, using calf thymus DNA for the standard (4) .
Column chromatography. Samples to be chromatographed were mixed with sucrose (5% wt/vol) and then applied to a column (2.5 by 45 cm) of Sephadex-G-100 and eluted with 0.03 M phosphate buffer, pH 6.5, containing 0.85% NaCl.
RESULTS
Most studies pertaining to the alphahemolysin activity of S. aureus have been done with Wood strain 46 grown in complex media (3) . For the cellular localization of this activity, we used primarily strain ATCC 6538P grown in chemically defined media. This strain and growth conditions were chosen because of the readily available information on the subcellular fractionation of this organism as well as the localization of several degradative enzymes (12, 14) . Because media effects on the production of alpha-hemolysin are extremely complicated (8), we first investigated the relationship between hemolysin production and cell growth in AOAC synthetic broth. S. aureus ATCC 6538P began to secrete alpha-hemolysin during mid to late log phase (OD,,,, = 1.4). The extracellular hemolysin titers during late logphase growth (OD,0,, = 2.0) ranged between 17 and 40 HU/ml. Although alpha-hemolysin titers are optimal from stationary-phase cells (8) , such cells could not be used in these experiments because the optimum physiological state for protoplast formation deteriorates after late log phase. Similar growth conditions and harvest times were also used to study strains 80/81 and Wood 46. More than 96% of the cellular alphahemolysin in all three strains tested was localized in the periplasmic space ( and only a trace of activity in the cytoplasm.
To exclude the possibility that the periplasmic fraction was contaminated by cytoplasm, strain 6538P protoplast stability was assessed by measuring the release of glucose-6-phosphate dehydrogenase, a cytoplasmic enzyme, and DNA. Most activity of both glucose-6-phosphate dehydrogenase (89%) and DNA (98%) in a protoplast suspension was localized in the cytoplasm. This confirms our previous work in which intact protoplasts were demonstrated by electron microscopy and turbidometric measurements (14) .
Alternate explanations for the presence of alpha-hemolysin in the periplasmic space include synthesis and/or secretions by intact cells or protoplasts into the hypertonic buffer during cell wall removal. To test these possibilities, the amount of alpha-hemolysin present in the protoplast buffer in the presence or absence of LS enzyme and under conditions which should inhibit protein synthesis was studied ( Table 2 ). In certain instances it was impossible to titer the amount of alpha-hemolysin in the protoplast buffer. High salt concentrations (>2%) prevented hemolysis of RBC by alphahemolysin of relatively low titer. Therefore, all samples in Table 2 were dialyzed overnight at 4 C against 20 to 50 volumes of 0.01 M Tris buffer, pH 7.5 (three changes), to remove the NaCl before assay. The hemolytic activity secreted by whole cells was approximately one-seventh that measured in the periplasm of a parallel culture and was unaffected by chloramphenicol or incubation at 0 C. Likewise, the amount of hemolysin measured in the periplasm was unaffected by chloramphenicol treatment. Hence neither synthesis nor secretion of alpha-hemolysin by cells or protoplasts during the fractionation procedure significantly contributed to the pool of alpha-hemolysin present in the periplasm.
We observed during the dialysis of the periplasm the formation of a precipitate that contained variable amounts of hemolytic activity. For example, after dialysis of a sample containing 4,000 HU from strain 6538P, the insoluble material contained 340 Pg/ml aFor 60 min.
-, Indeterminate due to salt concentration.
found in the culture fluid, we examined their elution profiles on Sephadex G-100 (Fig.1) . The hemolysin in the undialyzed periplasm (Fig.  1A) , in the periplasmic precipitates resolubilized in 5% NaCl (Fig. 1B) , and in the culture fluid concentrated after precipitation by 90% saturated ammonium sulfate (Fig. IC) eluted at the same volume. The Ve/V, ratio corresponded to a molecular weight of 28,000, as estimated by the method of Andrews (1). The small amount of extracellular alpha-hemolysin activity preceding the bulk of the activity in Fig. 1C may have represented aggregated hemolysin (2). None of the fractions containing hemolytic activity contained insoluble material, which was observed in tubes 46 to 63 (Fig. 1B) after dilution into hypotonic buffer. It is unlikely that the insoluble alpha-hemolysin noted after dialysis is a result of the adsorption of alphahemolysin to other material that becomes insoluble during dialysis. The precipitate from the retentate of dialyzed periplasm was solubilized with NaCI (5%), and 3 ml (780 HU/ml) was applied to the column. (C) Extracellular alpha-hemolysin was precipitated by 90%0 saturated ammonium sulfate and resuspended in 0.85% NaCI-0.03 M phosphate buffer, pH 6.5; 2 ml (300 HU/ml) was then applied to the column. DISCUSSION Present studies show that the cellular location of alpha-hemolysin activity in three strains of S. aureus is the periplasmic fraction and that this constitutes 4 to 10% of the total toxin (intra-and extracellular) produced by the culture. The cytoplasmic fraction contained negligible activity and none was detected in the INFECT. IMMUN.
on August 27, 2017 by guest http://iai.asm.org/ Downloaded from plasma membranes or mesosomal vesicles. Control experiments using cytoplasmic markers eliminated the possibility that periplasmic alpha-hemolysin was due to leakage from the cytoplasm. Further experiments using cells incubated in the presence or absence of LS muralytic enzyme and under conditions known to inhibit protein synthesis suggest that synthesis or secretion of alpha-hemolysin did not significantly contribute to the alpha-hemolysin titer in the periplasmic fraction. Although the cultural conditions used for the localization of alpha-hemolysin were not ideal from the standpoint of alpha-hemolysin production (8), they were necessary in order to prepare suitable subcellular fractions by protoplasting and differential centrifugation. Whether different cultural conditions might have an effect on the location of alpha-hemolysin is uncertain; the cell location for alpha-hemolysin was, however, similar when cells were grown in brain heart infusion broth and AOAC broth. McNiven and Arbuthnott (11), using mechanically and lyostaphin-disrupted cells, reported that the intracellular concentration of alpha-toxin was 1% of the total activity; however, no attempt was made to localize this activity. Coulter and Makherjee (6) localized the alpha-toxin on the inner portion of the plasma membrane with ferritin-labeled antibody of mechanically disrupted cells. We were unable to show any alpha-hemolysin activity in the plasma membranes. It is uncertain whether this difference might be due to release of alpha-hemolysin from the plasma membranes by washing in our experiments or to entrapment of alphahemolysin in the membrane wall fragments prepared by Coulter and Makherjee. It is also possible that alpha-hemolysin detected serologically by others was devoid of hemolytic activity.
Based on Sephadex G-100 chromatography and the spectrum of RBC lysis, the periplasmic hemolysin closely resembles the extracellular form. The molecular weight of both hemolysins was 28,000, which is in close agreement with the more extensive characterization of the cellassociated hemolysins obtained by mechanical disruption (11) . The insoluble material formed during dialysis probably has no biological significance with respect to the alpha-hemolysin and does not resemble the insoluble inactive aggregate form of alpha-toxin reported by Arbuthnott et al. (2) , since the insoluble forms we analyzed still retained hemolytic activity. To our knowledge, this is the first demonstration of a periplasmic location of a gram-positive bacterial hemolysin. This is the same location, however, of several degradative enzymes in S. aureus (12) . Work in progress, also, suggests that group A streptococci contain a hemolysin, streptolysin 0, in high titer in the periplasmic space.
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